It is difficult to comprehend how dysfunction of this severe forms. For example, patients with the milder variprotein, which might be predicted to cause derepression ants may retain some speech or motor function or have of hundreds or thousands of genes, leads to primarily normal body and brain size, whereas more severely afneurological phenotypes. To investigate this paradox and understand the disease mechanism, animal models should prove useful. Two groups have generated mice 7 Correspondence: hzoghbi@bcm.tmc.edu
with a null mutation in Mecp2. Around 5 weeks of age, a commercial antibody to the C terminus of MeCP2 confirmed the absence of full-length protein in mutant null male mice display hypoactivity, hindlimb clasping, trembling, reduced body and brain weight, and demice ( Figure 1D ). Similar sections stained with the MeCP2N15 antibody revealed that the mutant protein creased neuronal size, and die between 6 and 12 weeks (Chen et al., 2001; Guy et al., 2001). Females heterozylocalized normally to heterochromatic bodies ( Figure  1D ). This is not unexpected given that the methyl-CpG gous for the null mutation survive and develop similar features later in life; however, details on their behavioral/ binding domain and nuclear localization signal are retained in the truncated protein. neurological defects have not been reported. Given their premature death, the null males seem to represent the more severe disease found in infant males with RTTGeneral Features of Mecp2 308/y Mice causing MECP2 mutations.
Mutant male mice exhibited no apparent abnormalities We reasoned that to observe a RTT-like phenotype until around 6 weeks of age, when a subtle tremor could in the mouse and ensure viability in mutant males, it be felt while suspending mice by the tail. This tremor might be necessary to generate a mutation that is suffiworsened with age and by 4 months was apparent by cient to cause classic RTT in females but, at the same visual observation alone. Forty percent of the mice detime, might retain partial function. Here, we demonstrate veloped kyphosis after 5 months of age, perhaps bethat male mice with truncated MeCP2 survive and recacause of progressive motor dysfunction (Figure 2A ). pitulate many of the features found in females with Rett After 8 months of age, the fur of mutant mice was noticesyndrome. In addition, mutant mice display elevated ably more oily and disheveled than that of wild-type levels of histone H3 acetylation, providing in vivo evilittermates. Spontaneous behavioral myoclonic jerks dence for the role of MeCP2 in the modification of chroand seizures were observed in several mutant mice. matin architecture.
Simultaneous electroencephalographic (EEG) and video recordings captured one of these episodes, revealing behavioral arrest followed by a series of repetitive, genResults
eralized myoclonic jerks coupled with high-amplitude bilateral cortical spike and wave EEG discharges (FigGeneration of Mice Expressing a Truncated
ures 2B and 2C; see also supplemental movie S1 online MeCP2 Protein at http://www.neuron.org/cgi/content/full/35/2/243/ To generate a mouse model of Rett syndrome, we used DC1). Most Mecp2 308/y mice survived to at least one year gene targeting to introduce a truncating mutation into of age, but about 10% died of unknown causes after 10 the murine Mecp2 gene. Because we wanted male months of age. Body weight was within the normal range, mice to survive, we sought to produce a mutation with and mice were fertile. Heterozygous female mice dismilder consequences than the null allele. We therefore played milder and variable features even at 1 year of age. positioned a premature stop codon after codon 308, which lies between a truncating mutation in human males that produces neonatal encephalopathy and Abnormal Motor Function and Activity in Mecp2 Mutant Mice death (G269fsX288) and one that causes severe mental retardation with seizures and ataxia (Q406X) (Meloni et We first assessed motor function in Mecp2 308/y mice because patients with Rett syndrome have various motor al., 2000; Wan et al., 1999) . This engineered truncation retains the MBD, TRD, and nuclear localization signal impairments. To determine whether mutant mice had impaired motor coordination, we tested performance but eliminates approximately the C-terminal third of the coding sequence. Presumably, this mutation can give using the standard paradigm for the accelerating rotating rod (rotarod) apparatus but were unable to detect rise to the complete spectrum of RTT features, as many classic RTT patients have truncation mutations in this any deficiency in Mecp2 308/y mice (p ϭ 0.83) ( Figure 3A ). To increase the sensitivity of the test, we eliminated the region and beyond (Shahbazian and Zoghbi, 2001 ). Because the stop codon truncated the Mecp2 coding segrips from the rod surface by covering the rod with duct tape and measured the ability of each animal to walk quence after codon 308 ( Figure 1A) , we refer to the mutated allele as Mecp2
308
. Southern blot analysis of both forward and backward. With this modified rotarod assay, we found that Mecp2 308/y mice exhibited a small embryonic stem (ES) cell clones confirmed that the intended recombination event had taken place in a fracbut statistically significant impairment in their ability to stay on the rod (p ϭ 0.04) ( Figure 3B ). tion of the clones ( Figure 1B) . Once mutant mice were generated, we confirmed the presence of a truncated To further probe the deficit in motor coordination, we performed several other tests. In the vertical pole test, form of the MeCP2 protein in brain, using two antibodies that recognize different epitopes of MeCP2 (Shahbazian mice are placed at one end of a horizontal pole that is lifted to a vertical position so that the mouse is at the et al., 2002). Immunoblot analysis showed that the MeCP2C17 antibody, specific for a carboxy-terminal top of the pole. The ability of the mouse to remain on the pole or to climb down and off the pole is recorded epitope that is deleted in Mecp2 308/y mice, recognized the full-length protein (74 kDa) in a wild-type mouse (Paylor et al., 1998). Mecp2 mutant mice fell off the pole more readily than wild-type littermates (p ϭ 0.0007) but failed to detect it in the mutant. The MeCP2N15 antibody, which recognizes an epitope in the amino-( Figure 3C ). In the wire suspension test, the ability of mice to hold on to a wire with their forepaws is measured terminal half of MeCP2 that is preserved with the truncation, detected full-length protein in a wild-type animal, 3D). We also analyzed the ability of mice to remain on during their initial period of development but subsequently lose these skills. We therefore sought to detera thin (0.9 cm diameter), horizontal wooden dowel for a maximum of 120 s. At 5 months of age, all of the wildmine whether Mecp2 308/y mice also exhibited normal motor skills at an early age. We tested young (8-9 weeks type animals were able to stay on the dowel for the maximum time, often freely walking across it. Mutant of age) and old (35-36 weeks of age) males of a pure 129/SvEv genetic background on the dowel and found mice, in contrast, rapidly lost their balance and fell off the dowel (p ϭ 0.01) ( Figure 3E ; see also video recording that performance was impaired only at the older age (p Ͻ 0.0001) ( Figure 3G ). Females heterozygous for the in supplemental movie S2 online at http://www.neuron. org/cgi/content/full35/2/243/DC1). To determine Mecp2 mutation performed as well as wild-type on the dowel, even at 35-39 weeks of age (p ϭ 0.34) ( Figure 3G ). whether these motor deficits were due to muscle weakness, we measured forepaw grip strength but did not
The wire suspension test proved to be a more sensitive assay for the motor deficits, as males of the younger find a statistically significant difference in strength (p ϭ 0.19) ( Figure 3F ).
age (8-9 weeks) dropped earlier than wild-type (p ϭ 0.01) ( Figure 3H ). We thus analyzed male mice at 5-6 RTT patients usually achieve normal motor milestones Figure 4D ). These org/cgi/content/full/35/2/243/DC1). We also observed this stereotypic activity in the mutants when they were data together suggest that mutant animals either fatigue easily or exhibit an abnormal exploratory response in a unprovoked in their home cages. Given the phenotypic variability in females with new environment. Subsequent tests revealed that early fatigue is not a feature in these mutant mice (at the ages MECP2 mutations (which range from unaffected to Rett syndrome), we determined whether female mice also tested) and therefore is probably not the cause of the decreased open-field activity (see below). exhibited variability in phenotype. For this analysis, an observer blind to the genotypes of a group of male and The ratio of distance traveled in the center of the arena versus the total distance can be used as a measure of female mice scored two features: stereotypic forepaw movements and tremors. Mice of the pure 129/SvEv anxiety-related behavior (Paylor et al., 1998). Wild-type mice explored the center of the open field more than background were used to eliminate any genetic effects. All of the mutant males (13/13) were positive for both mutant mice (p ϭ 0.012). The center/total distance ratio was similar between Mecp2 mutants and wild-type mice traits, but none of the wild-type males (0/15) displayed any of the traits. Of the heterozygous females, 69% (9/ during the first 10 min interval (p ϭ 0.77), but wild-type mice had greater center/total distance ratios during the 13) displayed stereotypic forepaw movements and 62% To further analyze social interactions, we performed tial learning is not impaired (p ϭ 0.30) ( Figure 6B ). Importantly, mutant mice showed normal swimming speed the resident-intruder test, which is used to measure aggressive behavior in mice (Miczek, 1979) . Very little agduring all eight trials, suggesting that the mice do not generally fatigue easily ( Figure 6C ). This finding indigression was observed in the genetic background studied (C57BL/6J ϫ 129/SvEv) when a wild-type intruder cates that the decreased activity over time in the openfield test (above) was not due to fatigue. When the platwas placed into the cage of a single wild-type or mutant mouse, thus allowing for an analysis of social interacform was removed from the pool, Mecp2 308/y mice, like wild-type mice, showed a preference for the quadrant tions. The types of interactions exhibited by wild-type and mutant residents toward intruders were no different of the pool where the platform was formerly located and crossed the exact position of the platform with equal ( Figure 5B ). The total time spent interacting with the intruder was also not significantly different between frequency (p ϭ 0.98 and 0.85 for quadrant search and platform crossings, respectively) ( Figures 6D and 6E ). wild-type and mutant mice ( Figure 5C ). Interestingly, however, although wild-type intruders initiated similar types of interactions with wild-type and mutant resiPathology dents, they initiated significantly fewer rear-sniffing Pathological analysis revealed that the body and brain events with the mutants (Figure 5B Figure 1D) , ulus (context test) (p ϭ 0.70) and when in a standard mouse cage in the presence of the conditioned stimulus its ability to modify chromatin structure and/or repress transcription could still be compromised. To determine H4 were not different in cerebella of mutant and wildtype mice (data not shown). To test whether H3 hyperwhether the recruitment of histone deacetylase complexes was defective, we measured the levels of acetacetylation was related to the levels of MeCP2 protein, we examined levels of acetylated H3 in the liver, a tissue ylated histone H3 in wild-type and mutant mice. In Mecp2 308/y mice, levels of acetylated H3 were elevated that has extremely low levels of MeCP2. Analysis of nuclear extracts from the liver and cortex of wild-type in cerebellum, cerebral cortex, and spleen, all of which have moderate to high levels of MeCP2 (Figure 7) . In and Mecp2 mutant mice showed that H3 acetylation was unaltered in the liver, whereas a significant differthe brain, the degree of alteration was higher in the cortex than the cerebellum, which is consistent with ence was present in the cortex (Figure 7) . ). Perhaps most surprisingly, the mutant mice showed pronounced stereotypic forelimb motions and clasping when suspended by the tail; this behavior is distinct from the hindlimb clasping seen in numerous mouse models of neurological diseases. The resemblance of these stereotypic forelimb movements to the hand-wringing of RTT patients is noteworthy, as it will allow an investigation of the anatomic and molecular (beginning at 8-9 weeks of age). These deficiencies are unlikely to be due to muscle weakness or fatigue, as (Schanen and Francke, 1998 
Suspended Wire Test stimulus (US)
. After 2 min, another CS-US pair was presented. The mouse was removed after 30 s and returned to its home cage. Mice were suspended by their forepaws on a 2 mm wire, and the amount of time they remained on the wire was recorded. Statistical
Responses such as running, jumping, and vocalizing in response to the shock were recorded. 24 hr later, each mouse was returned significance was determined using a nonparametric Mann-Whitney U test.
to the test chamber and freezing behavior was recorded for 5 min (context test). Environmental and contextual cues were changed for Grip Strength Analysis Forelimb grip strength was measured using a Grip Strength Meter the auditory CS test: a black Plexiglas triangular insert was placed in the chamber to alter its shape and spatial cues, red house lights (Ugo Basile). Mice were held by the tail and allowed to grasp a trapeze bar with their forepaws. Once the mouse grasped the bar replaced the white house lights, the wire grid floor was covered with black Plexiglas, and vanilla extract was placed in the chamber with both paws, the mouse was pulled away from the bar until the mouse released the bar. The digital meter displays the level of tento alter the smell. There were two phases during the auditory CS test. In the first phase (preCS), freezing was recorded for 3 min sion (in grams) exerted on the bar by the mouse. Data were analyzed by a one-way ANOVA.
without the CS. In the second phase, the auditory CS was presented, and freezing was recorded for another 3 min. Freezing behavior was Standard and Modified Rotating Rod Test The 3-month-old group of animals was tested on the standard rotatrecorded by an experimenter that was blind to the genotypes of the mice. Freezing behavior was scored every 10 s during training and ing rod (rotarod) test. Mice were placed on the accelerating rotarod apparatus (Ugo Basile) for eight trials (four trials on two consecutive testing. The number of freezing intervals was converted to a percent freezing value. Context and CS data were analyzed by a one-way days) with a 30-60 min rest interval between trials. Each trial lasted for a maximum of 5 min, during which the rod accelerated linearly ANOVA. Morris Water Task from 4 to 40 rpm. The amount of time for each mouse to fall from the rod was recorded for each trial. If the mouse held on to the rod Mice were trained to find a hidden platform in a circular pool (1.38 m diameter) of water. Each mouse was given eight training trials and rotated 360Њ, this time was noted, and the time of the second rotation was reported as the time of falling off the rod.
per day, in blocks of four trials for four consecutive days. The time for the mouse to locate the platform was recorded (escape latency For the modified rotarod test, the 5-month-old group was analyzed. In this test, the rod was covered with duct tape to eliminate and distance traveled). After the last trial, the probe trial was conducted: the platform was removed and the time spent searching the grips. Mice were placed on the rod, in the forward or backward direction for two trials with at least a 30 min rest interval between each quadrant (quadrant search time) and the number of times the exact position of the removed platform was crossed (platform trials. Data were analyzed using a two-way (genotype ϫ trial) ANOVA with repeated measures. crossing) was recorded. Escape latency and distance traveled data were analyzed using a two-way (genotype ϫ trial block) ANOVA with Dowel Test A separate group of 3-month-old wild-type (n ϭ 6) and mutant (n ϭ repeated measures. Search data from the probe trial were analyzed by individual one-way ANOVA and Newman-Keuls post comparison 7) littermates were used for this analysis. Mice were placed in the center of a horizontal dowel (0.9 cm diameter), and the time they tests. A one-way ANOVA was used to compare the search time and platform crossing data for the training quadrant only between wildremained on the dowel was recorded. If mice walked across and off of the dowel, they were placed back onto the dowel. Trials lasted type and mutant mice. for a maximum of 2 min. Data was analyzed using a Mann-Whitney U test.
Immunohistochemistry and Histology

Open-Field Test
Mouse embryos and tissues were fixed either by transcardial perfuMice were placed in the center of an open-field space (40 ϫ 40 ϫ sion with PBS-buffered 4% formaldehyde or by immersion in 10% 30 cm). Activity was quantified by a computer-operated Digiscan formalin, then washed and cut. Representative sections of cerebral optical animal activity system (RXYZCM, Acuscan). Each test sescortex, basal ganglia, cerebellum, brain stem, and spinal cord were sion was 30 min long, and data were collected in 10 min intervals. dehydrated and impregnated with paraffin. 5 m sections were cut, Analysis of data was performed using a two-way (genotype ϫ 10 mounted onto "plus" slides, and antigen-retrieved in citric acid (pH min interval) ANOVA with repeated measures. Significant interac-6.0) for three 5 min bursts of high microwave heat. Nuclear digestion tions were then analyzed by simple effects tests. was achieved with proteinase K. For the mouse tissues, MECP2N15 Tube Test (Shahbazian et al., 2002) or anti-MeCP2 (Upstate Biotechnology) In the tube test, mice were placed into opposite ends of an acrylic was used at a dilution of 1:100 for three nights at 4ЊC. Biotinylated cylindrical tube (3.5 cm diameter), and the mouse that retreated anti-rabbit secondary antibodies were applied from the ABC-Elite backward was noted. The percentage of retreats was calculated kit (Vector Laboratories). Novared was used as chromagen. from the total number of encounters. Nine wild-type and nine mutant mice from the 5-month-old group of animals were used. Each mouse Histone Acetylation Assay was tested against seven of the opposite genotype from different Tissues were homogenized in 500 l lysis buffer (10 mM HEPES cages. Data were analyzed using a Mann-Whitney U test.
[pH 7.8], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1.5 mM PMSF, Resident-Intruder Test 5mM sodium butyrate, 1X protease inhibitor cocktail (Roche MolecEight wild-type and eight mutant mice of mixed (C57BL/6J and 129/ ular Biochemicals). HCl was added to the lysate to a final concentraSvEv) genetic background were individually caged at 6 months of tion of 0.2 N and incubated at 4ЊC for 30 min. The lysate was centriage for 4 weeks before testing. A group of eight 129/SvEv mice that fuged at 11,000 ϫ g for 10 min at 4ЊC, and the supernatant dialyzed were group-housed served as the intruders. The testing was done at 4ЊC against 0.1 M acetic acid first overnight and then for 1 hr. It over a period of 2 days, in which half of the wild-type and mutant was then dialyzed against water for 1 hr, 3 hr, and then overnight. All residents were tested on the first day and half were tested on the the dialysis was done against approximately 400 times the volume of second day. Half of the intruders were exposed to a wild-type on the lysate. the first day and a mutant on the second day and the other half For the isolation of nuclear extracts from cortex and liver, the experienced the reverse order. For the test, an individual intruder tissues were homogenized in 800 l of lysis buffer A (25 mM Triswas placed into the cage of a wild-type or mutant resident for a 5
HCl [pH 7.5], 50 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 5 mM DTT, and min period that was video-recorded. Videos were then scored for 5 mM sodium butyrate). Nuclei were pelleted at 1,700 ϫ g at 4ЊC the number of various types of social interactions and the total time for 10 min and washed with lysis buffer A. High-salt extraction of of interaction initiated by both the resident and intruder. Data were nuclear proteins was performed by incubation of nuclei with buffer analyzed using an unpaired t test (StatView 5.0.1).
B (25 mM Tris-HCl [pH 7.5], 0.42 M NaCl, 1.5 mM MgCl2, 0.5 mM Conditioned Fear Test EDTA, 1 mM DTT, 5 mM sodium butyrate, 1X protease inhibitor Tests were conducted in a test chamber with a grid floor that could cocktail [Roche Molecular Biochemicals], and 25% sucrose) for 30 deliver an electric shock. Mice were initially placed into the chamber min on ice. The lysate was the centrifuged at 8000 ϫ g for 10 min and undisturbed for 2 min. An 80 dB white noise served as the at 4ЊC, and the supernatant (nuclear extract) used for analysis. conditioned stimulus (CS) and was presented for 30 s followed by a mild (2 s, 0.5 mA) foot shock, which served as the unconditioned Protein concentration was measured with a modified Bradford
